Introduction
Prostate cancer, apart from skin cancer, is the most common male malignancy and the second leading cause of cancer deaths in men in the United States [1] . It had surpassed lung cancer in 1990 and was estimated to cause 31,000 deaths in 2002 in the United States alone [2] . Despite the increasing incidence, prostate cancer presents some obstacles that hind clinicians and basic researchers from understanding its pathogenesis. It is characterized by slow clinical progression, involvement of multiple genetic and epigenetic events, multifocal and heterogeneous nature of tumorigenesis, and difficulty in prognosis of disease progression [3, 4] . Given these difficulties, mouse models are advantageous for studying prostate cancer, despite intrinsically anatomical differences and probably different molecular mechanisms underlying prostate carcinogenesis [3, 5] .
Hedgehog signaling has been reported to involve in many processes during embryogenesis, including dorsoventral patterning of body axis, specification of neuronal and oligodendrocytic cell fate, axonal outgrowth, cell proliferation, cell differentiation, and cell survival [6, 7] . Recent studies showed a key role of Shh signaling in mediating endoderm-derived tissue formation, including prostate formation. Shh was expressed during prostatic branching morphogenesis, suggesting involvement in the initiation of androgendependent prostate development [8, 9] . Mutant analyses revealed a critical role of Shh signaling, but Shh expression appeared not regulated by androgens [10, 11] . Androgen supplements was shown to reverse Shh mutant phenotypes [11] , indicating that the role of Shh could be replaced by androgens during prostate development.
Like many developmentally critical genes, Hedgehog has been shown to involve in tumorigenesis. Abnormal Shh hyperactivation was found in small-cell lung cancer [12] , pancreatic cancer [13] , digestive tract tumors [14] , and ameloblastomas [15] . Mutations in Ptc gene, a tumor suppressor gene and a Shh signaling pathway repressor, was shown to cause cerebellar medulloblastomas [16] and basal cell carcinomas [17] in mice, and was implicated in human superficial bladder cancer [18] . In concordance with the observations in other tumors, several lines of evidences have indicated Hedgehog signaling in prostate tumorigenesis. First, SHH pathway components, for example GLI, were detected in adult human prostate cancer, often with enhanced levels in tumors as compared to those in the normal status [19] [20] [21] . Second, a xenograft model was used to elucidate paracrine interactions between Shh-expressing human LNCaP tumor cells and host mouse stromal cells [22] . The LNCaP cells were genetically engineered to express Shh at high levels that dramatically accelerate tumor growth with increased Gli expression when co-injected with Matrigel subcutaneously. Third, prostate cancer cell lines, including PC3, LNCaP, DU145, 22RV1, and TSU, were shown to express high levels of Hedgehog or its target genes [20, 21, 23] . When Hedgehog pathway was blocked with either Smo antagonist, cyclopamine, or GLI-1 RNA interference, apoptosis was induced and cell proliferation or invasiveness were inhibited [20, 21, 23] . Fourth, Hedgehog signaling modulated metastatic potential of rodent prostate cancer cell lines [23] . Fifth, when PrE cells, a putative prostate epithelium progenitor cell line, were stably transfected for GLI expression, the cells exhibited unlimited growth in vitro and formed aggressive subcutaneous tumors after transplantation into an athymic mouse [23] .
Despite these previously published data, there is so far no mouse prostate cancer model caused initially by in vivo Hedgehog dysregulation from a normal status and in the prostate itself. Hence, a potential role of Hedgehog in the initiation of prostate cancer remains to be elucidated. In this report, we addressed the effects of Hedgehog overexpression by introducing directly a Hedgehogexpressing vector into normal prostates.
Materials and methods

Plasmids
Mouse Shh-expressing and vehicle vectors, pCX-shh-IG and pCX-IG, were kindly provided by Dr Kerby C. Oberg, Loma Linda University [24] . The pCX-shh-IG contained a Shh insert tagged with green fluorescence protein (GFP) sequence driven by a CMV promoter. The vehicle control pCX-IG contained the same CMV promoter and the GFP tag, but without the Shh insert. Therefore, presence of GFP in prostates indicated successful introduction of pCX-shh-IG vector and expression of Hedgehog protein.
Injection and electroporation
FVB strain mice aged 8-10 weeks were purchased from National Laboratory Animal Center, Academia Sinica, Taipei for use in the injections. The mice were anesthetized with phenobarbital and exposed of their prostate glands by surgery. For each injection, 10 ll of pCX-shh-IG at 0.1 lg/ll in 0.9% NaCl (n=25) was injected into the anterior prostate lobe or dorsolateral lobe or both (Figure 1a ). Parallel injections with 10 ll of pCX-IG in 0.9% NaCl (n=10) or 0.9% NaCl (n=10) were performed as vehicle or blank controls. Since Hedgehog had been known as a secretory protein [6] , the expressed protein was assumed to disperse freely within the prostate. We performed 1 or 2 injections at random sites in each prostate lobe. After injections, the prostate lobes were subjected to electric pulses for 10 s set at 20 volts, 1-2 pulses per second, using a Digitimer DS7 Stimulator (Digitimer, Hertfordshire, England). The injection and electroporation protocol was according to Nakamura and Funahashi [25] with minor modifications as detailed here to suit its use for mouse prostates.
After the injection, the mice were allowed to recover and maintained until dissection at days 7, 20, 30, and 90 after the manipulation. The mouse prostate was exposed by surgery and injected through a glass needle with 10 ll of pCX-Shh-IG or pCX-IG at 0.1 lg/ll in 0.9% NaCl, or 0.9% NaCl alone. After injections, the prostate lobes were subjected to electric pulses for 10 s set at 20 volts, 1-2 pulses per second; the mice were then stitched, recovered, and maintained until dissection. (b) Western blot analyses confirmed overexpression of Hedgehog protein tagged with GFP (indicated by arrowhead) that persisted for 90 days after injection. (c) Evident overgrowth with more blood vessels but less lobular formation in the seminal vesicle, was seen in the pCX-shh-IG-injected mouse prostate, as compared to the 0.9% NaCl-injected control in (d) or the pCX-IG-injected control in (e). (f) and (g) Immunodetection of mouse Hedgehog expression using 5E1 antibody following pCX-shh-IG injection. The highly expressed Hedgehog protein was detected in the epithelium as well as in the stroma (indicated by arrows), comparable to that in the human CaP specimen using N-19 antibody for Hedgehog detection in (h) and (i). Magnifications: 20 Â for (c) to (e); 400 Â for (f) to (i).
Mouse PIN and CaP determination following Hedgehog overexpression
Mouse PIN and CaP were determined according to their architecture, differentiation pattern, and degree of cytological atypia. Antibodies against p63 (basal cell marker), CK-8/CK-18 (epithelial cell marker), and a-SMA (fibro-muscular cell marker) were used to support confirmation of PIN, CaP, and invasive CaP status. PIN was identified with one or two layers of atypical cells exhibiting large, pleomorphic nuclei and prominent nucleoli [26] . PIN could reach a high grade status with large infolded glands surrounded by a discontinuous layer of basal cells. Cap was distinguished from PIN with smaller glands and in lack of basal cells, although it also contains atypical cells.
Human tissues
The human prostate tissues were obtained from 40 patients who had received radical prostectomy or needle biopsy at Department of Pathology, Chung Shan Medical University. The presence of CaP was confirmed with histopathological examinations performed by clinical pathologists. The Gleason gradings were 2+3 (n=22), 3+3 (n=14), and 4+4 (n=4). All tissue procurement procedures and experiments were reviewed and approved by the Institutional Review Board of Chung Shan Medical University.
Immunohistochemistry
Tissues were dissected, fixed in 4% paraformaldehyde in PBS (Sigma), and processed to obtain 5 lm thick sections following standard histological preparations. For anti-Shh (5E1) and anti-GFP detections, the tissue sections were processed through citrate buffer (pH 2.0) for 4 min, followed by another citrate buffer (pH 9.0) for 5 min in a microwave oven set at 750 Watts, and then thoroughly washed with Tris-buffered saline before antibody binding. Antibodies against p63, CK-8/ CK-18, and a-SMA were used for confirmation of tumorigenic phenotypes and were processed following the same procedures as for anti-Shh and anti-GFP detections. For anti-SHH (N-19), the tissue sections were treated with citrate buffer (pH 6) for 10 min in a microwave oven set at 750 Watts before antibody binding. The anti-Shh was purchased from Developmental Studies Hybridoma Bank (Iowa City, IA, USA); anti-SHH, anti-p63, anti-CK-8/CK-18, anti-a-SMA, and anti-GFP from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Peroxidase linked avidin/ biotin complex reagents and the ABC immunoperoxidase kits were used for signal detection and were purchased from Vector Laboratories (Burlingame, CA, USA). Parallel detections were performed as negative controls without antibody addition. Triple repeats were performed for each mouse and human specimen before positive results were regarded as genuine.
Western analyses
For Western analyses, the prostates were dissected and collected in microtubes containing 1 ml of RIPA buffer (Gibco BRL, Gaithersburg, MD, USA) with freshly prepared 1 mM PMSF and 5 mM EDTA in PBS. The mixtures were centrifuged at 14,000 Â g for 10 min and the protein concentrations in the supernatants were determined by the modified Lowry method [27] . The preparations were resolved by SDS-PAGE on 12% polyacrylamide slab gels (8 cm Â 7 cm Â 0.075 cm) according to the method of Laemmli [28] . The proteins were blotted from the polyacrylamide gels onto Immobilon-P membranes (Amersham Biosciences, Piscataway, NJ, USA) in 5% milk in TBST (0.05% Tween-20, 20 mM Tris-HCl pH 7.4, 0.9% NaCl) and then incubated with anti-Shh, and together with anti-a-tubulin as loading controls. The membranes were washed three times with TBST for 20 min prior to 1 h incubation with a goat antirabbit secondary antibody conjugated with horseradish peroxidase (Chemicon, Temecula, CA, USA) and then visualized using an enhanced chemiluminescent system (Boehringer-Mannhein, Mannhein, Germany).
Results
Confirmation of Hedgehog overexpression in the pCX-shh-IG injections
To solidify any data obtained as a result of Hedgehog overexpression, we examined Hedgehog expression status after the manipulation. We first examined the presence of GFP signals in wholemount preparations and in tissue sections. When both methods showed no convincing signal, Western analysis was used as a double check. In wholemounts (data not shown), GFP signals were detected in 15 prostates in a total of 25 pCX-shh-IG injections and in 8 of the 10 pCX-IG injections, but in none of the 0.9% NaCl blank controls. With immunohistochemistry, 23 of the 25 pCX-shh-IG injections and 8 of the 10 pCX-IG injections exhibited definite signals for GFP, with no positive signal detected in the 0.9% NaCl injections ( Table 1 ). The two pCX-shh-IG injections without definite GFP signal in tissue sections were doublechecked using Western analyses ( Figure 1b) and RT-PCR (data not shown); both were found positive for GFP. We then checked by immunohistochemistry using anti-Shh and confirmed that all pCX-shh-IG injections positive for GFP were also evidently positive for Hedgehog protein expression, whereas no comparable signal was detected in the pCX-IG vehicle controls or the 0.9% NaCl blank controls. Therefore, the present data showed 100% (25/25) efficiency in introducing a Hedgehog overexpression status in the pCXshh-IG-injected prostates. Furthermore, the data demonstrated sustaining Hedgehog expression up to 90 days after the manipulation (Table 1 and Figure 1b ).
Gross morphological effects with Hedgehog overexpression in the prostates
Gross morphological effects were examined at days 7, 20, 30, and 90 after the manipulation and the most prominent changes were found at day 30 so far. By day 30 after the injection, the anterior prostates (AP) of the pCX-shh-IG injections exhibited overgrowth (Figure 1c) , in contrast to those seen in the pCX-IG vehicle controls (Figure 1d ) or in the 0.9% NaCl blank controls (Figure 1e ). We assumed that the overgrowth in the pCX-shh-IG-injected prostates was due to the effects of Hedgehog overexpression, since no comparable result was found in the two control groups. In addition, seminal vesicles (SV) in the pCX-shh-IG-injected prostates showed less evident lobular formation as compared to those in the pCX-IG and the 0.9% NaCl injections (Figure 1c vs. Figure 1d and e). The size of seminal vesicles appeared to enlarge with pCX-shh-IG injections. Furthermore, hypervascularization in the prostates was observed in wholemount preparations Figure 1c ) as well as in tissue sections (Figure 2d ).
Mouse Hedgehog overexpression patterns were comparable to human conditions
Conceivably, any animal model should be reflective of human conditions so that data from animal analyses could be applicable to human diseases. To solidify that the mouse prostates with Hedgehog overexpression could be used as study models for the human conditions, we compared the pCXshh-IG-injected mouse prostates with the human CaP specimen in their Hedgehog expression patterns by immunohistochemistry. Activation of Hedgehog was seen in 38 out of the 40 human specimen (Figure 1h and i) , being in both the epithelial and the stromal cells, and the expression patterns were comparable to those observed in the mouse (Figure 1f and g ). The comparable Hedgehog overexpression patterns in the mouse indicated phenocopying of the human status.
PIN and CaP formation with Hedgehog overexpression
The overgrowth with Hedgehog overexpression was further analyzed microscopically to elucidate whether prostate tumorigenesis had occurred. Prostatic intraepithelial neoplasia (PIN) was found in all pCX-shh-IG-injected prostates (25/25) at 7, 20, 30 and 90 days after pCX-shh-IG injections (Table 1 ; Figures 1f and g, 2c, f-h ). Unlike the conditions in the 0.9% NaCl-injected (Figure 2a ) and the pCX-IG-injected controls (Figure 2b) , the pCX-shh-IG-injected prostate tissue sections showed infolded glands with stromal hyperplasia (Figure 2c ) and often also with hypervascularization (Figure 2d) . Derangements of epithelial cells were found in the pCX-shh-IG-injected prostates (Figures 1f and g, 2f-h ), but not in the controls (Figure 2e) . The derangements and infoldings, we believe, were not due to artifacts of oblique slicing, since the atypical cells were often seen in multifocal sites and were heterogeneous to surrounding typical epithelial glands within a same tissue (Figure 2c) . (Figure 4f ), in contrast to the normal glandular positioning in the controls (Figure 4e ). We also found thinner and disrupted distribution of fibro-muscular cell marker a-SMA in the pCX-shh-IG-injected prostates (Figure 4h ), indicating muscle layer disruption and epithelial invasion. This disruption of fibromuscular sheath was not found in the controls injected with 0.9% NaCl (Figure 4g ).
Based on these criteria, CaP formation was observed in 9 cases (9/25) after pCX-shh-IG injections ( Table 1 ). All of the observed PIN and CaP formations were not found in the pCX-IG vehicle (0/10), nor in the 0.9% NaCl controls (0/ 10). These results indicated that the characteristics of PIN and CaP formation were specifically due to Hedgehog overexpression, instead of the procedures of injections or electroporations. Noticeably, we demonstrated that Hedgehog overexpression caused PIN formation within 30 days after the procedure. The PIN formation was faster than any other rodent model that had been reported to transform normal prostate epithelium into neoplasia under in vivo conditions. To confirm such fast effect caused by Hedgehog overexpression, we examined the presence of GFP as the marker of functional Hedgehog protein in the pCX-shh-IG injections. We found that PIN and CaP formation was only present in the pCX-shh-IG injection group, supporting the specific effects of Hedgehog protein during prostate tumorigenesis. Despite that the progression of PIN and even CaP formation in only 30 days was much faster than any previous model, this dramatically accelerated tumor growth had also been found in a xenograft model recently published by Fan et al. [22] , supporting the potent effect through Hedgehog overexpression. Another line of evidence to support the fast CaP growth in the present model was the concomitant acceleration of CaP metastatic activity, since elevated Hedgehog signaling has also been implicated in metastasis [23] . With Hedgehog overexpression, we have been able to locate metastatic lesions in supra-epididymal lymph nodes along with upregulated expression of Twist (Chen et al., unpublished data), a major metastatic factor that has recently been implicated in prostate cancer malignancy [29, 30] .
Further comparison with the xenograft model by Fan et al. [22] revealed differences in some aspects. The xenograft model did not show an increase in stromal proliferation, very much in contrast to the commonly found stromal hyperplasia in our model. This deviation could be due to different overexpression sites achieved by subcutaneous injections [22] vs. intra-prostatic injections (present study). Another possibility could be the difference in Hedgehog expression levels. A third potential cause of the deviation could be the differential intrinsic characteristics in interpreting Hedgehog signaling between the already malignant LNCaP tumor cells and the normal epithelial cells. Furthermore, it should be noted that in this intra-prostatic injection model Hedgehog protein was found highly expressed in the stromal compartment, which was likely to produce a condition not normally seen in other models of mouse prostate tumorigenesis. Evidently, these deviations and further characterization of Hedgehog-induced malignancy warrant subsequent investigations.
The molecular mechanisms underlying prostate tumorigenesis remain largely unknown. Although many recently identified genes have been implicated in the progression of prostate cancer, relatively few were suggested to initiate prostate tumorigenesis. On the epithelial side, loss of function of some genes, NKx 3.1 and Pten for example [31] , were shown to cause hyperplasia and dysplasia of epithelial cells that are supposed to be ''basal stem cells'' [32] in mouse models. The loss-of-function was thought to progress, with accumulation of lesions in Rb and p53 tumor suppressor genes, from benign androgen-dependent hyperplasia to aggressive androgen-independent carcinoma [31] . On the stromal side, evidence has been accumulated to indicate a ''reactive stroma'' that provides secretory factors that contribute to tumor growth and progression [33] . It has been shown that dedifferentiation of stromal smooth muscle [34] and distortion of epithelial cell lineage proportions [32] are factors in prostate carcinogenesis. Indeed, there are factors that involve in both epithelial and stromal cells, with activities shifted between both sides or between different forms of a same factor, in correlation with progression from normal to malignant stages [35] [36] [37] [38] . In the present study, we have demonstrated that Hedgehog overpression caused prostate tumorigenesis from normal status to CaP formation, and such transformation involved morphological characteristics within both the epithelial and the stromal sides. We also clearly showed that Hedgehog protein was detected within both the epithelial and the stromal cells during tumorigenesis, with concomitant loss of fibromuscular layer. Clearly, how does Hedgehog protein interact with presently known factors from both sides will attract immediate attention in human prostate cancer research.
In recent years, a variety of Hedgehog signaling inhibitors have been under development to act as potential cures for tumors caused by Hedgehog dysregulation [39] . Extensive use of animal models will be mandatory to test the efficacy of new therapeutic agents. Ideally, prostate cancer animal models should present as many as possible the human pathological features and simultaneously reflect the underlying molecular pathogenesis. Several types of mouse models have been established, namely reconstitution models, xenograft models, hormonal models, as well as transgenic and knockout models [31, 40] . However, various deviations have been observed in the mouse models. For example, the rat probasin promoter was used to drive the expression of SV40 large T and small t antigens, producing the TRAMP (transgenic adenocarcinoma mouse prostate) prostate cancer model or, if without the small t antigen, the LADY model [40, 41] . These transgenic models, also called SV40-Tag models [26] , displayed neuroendocrine features that are only seen in about 10% of human cases [42] . Another example of deviation is seen in some mouse transgenic or knockout models produced without using the SV40-Tag [3] . The non-SV40-Tag models displayed high proportions of atypical epithelial lesions representing different degrees of PIN without frequent progression into invasive carcinoma, making it difficult to prove their malignant potential [26] . These deviations do not necessarily devaluate the usage of mouse models, but reflect the complexity of mammalian prostate tumorigenesis and, at the same time, a demand for more animal models.
Another potential obstacle in using the established transgenic models is that whether Hedgehog signaling is dysregulated therein has not yet profiled. For this consideration, it would be straightforward to establish transgenic mouse model with in vivo Hedgehog overexpression. However, this is not always achievable as transgenic mice overexpressing Shh do not survive to stages when prostate cancer could be induced (Anthony E. Oro, personal communication). Until any conditional Hedgehog overexpression model becomes available, we believe that the present model, with its high efficiency of production and fast progression from benign to malignant stages and with major molecular events characterized, will facilitate therapeutic drug testing as well as basic prostate cancer research.
